In this research, piezoelectric transducers are incorporated in an impedance-based damage detection approach for railway track health monitoring. The impedance-based damage detection approach utilizes the direct relationship between the mechanical impedance of the track and electrical impedance of the piezoelectric transducer bonded. The effect of damage is shown in the change of a healthy impedance curve to an altered, damaged curve. Using a normalized relative difference outlier analysis, the occurrences of various damages on the track are determined. Furthermore, the integration of inductive circuitry with the piezoelectric transducer is found to be able to considerably increase overall damage detection sensitivity.
INTRODUCTION
Over the past decade, the research and implementation of Structural Health Monitoring (SHM) systems has emerged as an important topic in the engineering world. There is an ever-increasing need to improve the safety and maintenance of both existing infrastructure and the infrastructure of the future. Today, SHM systems are being utilized in a variety of fields: from high-end defense related platforms, to wind turbines and airframes, to buildings and bridges. One specific area of consideration is the health monitoring of railway tracks to detect track defects. From 2010 to 2013 alone, the US Federal Railroad Administration reports 6,219 train accidents, with 2,084 (33.5%) of them caused directly by track defects. In addition to track defects, it is vital to detect the presence of harmful foreign objects on the track to prevent terrorist attacks.
Since the mid 1800's, railroad operators have used the hammer impact test to evaluate the presence of damage on railways. However, as technology progressed, this primitive test gave way to a variety of non-destructive (NDE) damage detection methods; the first being magnetic induction, created by Elmer Sperry in 1927. Today, the most common form of railway damage detection is in-situ ultrasonic waves [1] . The basic principle behind ultrasonic detection is that a beam of ultrasonic energy is sent into the rail from a roller search truck (RSU) and reflected, and the scattered energy is gathered using a collection of transducers. The amplitude and timing of the reflections indicate the integrity of the rail [2] . Ultrasonic detection is widely used primarily because of its effectiveness in screening the railway on the component level. Other component level methods include acoustic emission, where an acoustic sensor is attached to the inside of the train or truck wheel [3] , and radiography. The major advantage of each of these methods is the accuracy to which they can detect the type and severity of damage. However, these methods require a trained professional to continually operate the equipment on the railway, which can be very costly. In addition, none of these methods can detect damage in real-time, meaning that the operator does not know if the track has been damaged until the train or truck performing the test passes over a damaged spot.
As a response to this challenge, several railway damage detection methods have been proposed that have the ability to collect real-time data on the health of the track, in order to instantly detect damage and report it to the operator. These methods use the railway's vibration characteristics in conjunction with numerical techniques to detect damage. In most cases, these methods are also more cost effective, because they do not need an operator to continuously operate the equipment. The most common method is guided elastic waves, where energy either from an actuator or the train itself produces waves that propagate along the track until they reach a broken rail. Guided elastic waves have been researched extensively [4] [5] , and have been implemented in several forms onto operating railways [6] . Although guided waves have proved to be a promising solution for railway health monitoring, the major challenge is that it's generally difficult to predict the severity of damage.
Alternatively, an impedance-based SHM system utilizing piezoelectric transducers (PZT) is a promising solution to satisfy the need to accurately detect damage in real-time. Piezoelectric transducers are already used for SHM in a wide variety of industries, including the defense, aerospace, and manufacturing domains. Piezoelectric transducers have low installation costs and require little maintenance, which is a distinct advantage over current railway health monitoring methods. Because of their two-way electromechanical coupling characteristics, piezoelectric transducers have the ability to both actuate the track and sense the response. This enables the transducers to collect real-time health information for the operator without needing a separate source of actuation. In addition, when coupled with the impedance method for damage detection (to be discussed), piezoelectric transducers collect responses that are harmonic in nature, meaning that they have the potential to detect both the magnitude and location of damage. A sufficient amount of transducers can be determined in order to accurately detect the magnitude and location of structural damage on a component level throughout the rail.
The rest of this paper is structured as follows. Section 2 gives a background on impedance-based damage detection and outlines the idea of how the integration of inductive circuitry with the piezoelectric transducer will increase damage detection sensitivity. Section 3 demonstrates the feasibility of the impedance based damage detection method both with and without inductive circuitry in a controlled lab setting. Section 4 outlines the sensor and rail track configuration used to carry out analysis. Section 5 explains the normalized relative difference method used to determine the presence of damage on the rail track. Section 6 shows both the effectiveness of the impedance method in detecting damage on the rail track and the performance improvement from the integration of inductive circuitry. Section 7 provides concluding remarks and suggestions on how to build off of the aforementioned results.
PIEZOELECTRIC IMPEDANCE BASED DAMAGE DETECTION AND ENHANCEMENT
The impedance-based damage detection method directly relates the electrical impedance of the piezoelectric transducer attached to a structure to the mechanical impedance of the structure itself. Therefore, upon bonding the PZT to a host structure, the PZT can be utilized simultaneously as an actuator to excite the structure and a sensor to collect the impedance information [7] . In this research, we study the electrical admittance of the piezoelectric transducer as it relates to the structural impedance. The electrical admittance of the piezoelectric transducer ( ) is simply the inverse of the electrical impedance ( ), but its measurement can be significantly impacted by circuitry dynamics, which makes it more useful for damage detection [8] . The electrical admittance relationship to the structural impedance ( ) and the electrical impedance of the stand-alone piezoelectric transducer ( ) is shown below [9] :
where a is the geometrical constant of the piezoelectric transducer, d 31 is the piezoelectric strain coefficient, and Y is the complex Young's modulus. is the static permittivity of the piezoelectric transducer, and the complex permittivity is given as ε 1 , where is the permittivity loss factor [7] . It is worth noting that the imaginary part of the electrical admittance is more sensitive to the temperature variation than the real part because the complex permittivity is temperature sensitive [10] . Because of this, the real part of the admittance is used in the following experiments.
The typical circuit to extract piezoelectric admittance information contains a resistor connected in series with the PZT, creating a self-contained sensor. A sinusoidal voltage frequency sweep is used to drive the PZT, and the resulting current is measured across the resistor to determine the admittance response. Damage to a structure is reflected in a change in the admittance response from a baseline healthy response to an altered, damaged response. The impedance-based damage detection method is generally considered sensitive to small-sized damage because the admittance information is extracted in the high frequency range. In addition, admittance changes are generally most significant around the structures resonant peaks, because damage often causes a shift in resonant frequencies, and the response amplitudes are the highest around resonant frequencies [7] . A high level of sensitivity can therefore be achieved by monitoring the admittance response around the structure's high frequency resonant peaks. Because of this sensitivity level, the impedance-based method has the potential to detect both the magnitude and location of damage on a structure by how the admittance response changes from the baseline response. Previous studies in controlled lab settings have shown the feasibility of impedance-based damage detection with piezoelectric transducers bonded to various structures [7, 9, 11] . In addition, impedance-based technique using Macro Fiber Composite (MFC) has been tested on a .14m long railroad section [12] .
The standard impedance approach has a significant shortcoming, however. When used in the high frequency range to detect small-sized damage, the impedance approach suffers from a low signal-to-noise ratio. This makes discerning the difference between damage and other factors, such as noise and environmental effects, difficult at times. To improve the signal-to-noise ratio, a new impedance approach is proposed that combines the standard impedance approach with piezoelectric circuitry, specifically a tunable inductor connected in series with the resistor and the transducer. This modifies the traditional RC circuit of a resistor and the transducer into an RLC circuit. In system dynamics, circuitry elements such as inductors, resistors, and capacitors are systematically equivalent to the mass, damping, and stiffness elements in a mechanical structure, respectively. Therefore, the integration of inductive circuitry, in theory, should alter the energy distribution and affect the dynamic response of the system [13] . Without loss of generality, we use the assumed mode method, and view the PZT with inductive circuitry bonded to a structure as an integrated system with equations of motion expressed as:
where q is the mechanical displacement, Q and Vi are the electric circuit charge and the voltage input, L and R are the inductance and circuit resistance, and m, c, k, k1, and k2 are the modal mass, damping, stiffness, cross-coupling coefficient, and electro-mechanical coupling coefficient, respectively. Equations (2a) and (2b) can be transferred to the frequency domain under harmonic excitation, resulting in the electrical admittance of the piezoelectric circuitry as [8] :
When L = 0, the system degenerates to the traditional formulation. It can be seen that inductive circuitry introduces an additional DOF to the system, which creates an additional resonant effect in the admittance response. Indeed, Wang and Tang [8] utilized inductive circuitry in an impedance-based approach to detect small-sized damage on an isotropic, homogenous, and linearly elastic narrow-strip beam with clamped-clamped boundary conditions. Upon integrating a tuned inductor to the circuit with piezoelectric transducer attached to the beam, the results showed that inductive circuitry increased the current through the circuit and amplified the signal-to-noise ratio. In addition, the results emphasized the importance of properly tuning the inductor. The integration of an inductor into the circuit creates an electrical resonant effect that, when properly tuned close to one of the structure's resonant peaks, has the ability to significantly amplify the damage-induced admittance change.
The integration of inductive circuitry in the impedance-based approach has several potential benefits for railway health monitoring. The amplification caused by inductive circuitry will in theory increase total sensitivity and allows us to more clearly detect small sized damage on the rail track. With a tunable inductor, the operator would have the ability to tune to any of the rail's natural frequencies and inspect the rail under various modes. Damage materializes itself differently for each mode, and the ability to excite and amplify a multitude of modes is of great importance. In addition, increasing sensitivity will consequently reduce cost.
INITIAL INVESTIGATION
Before applying the impedance-based approach to a full scale railway track, an initial investigation is carried out in a controlled lab setting to demonstrate the feasibility of the impedance method both with and without inductive circuitry. The PZT used in both this initial investigation and the following experimental rail setup is a piezo-ceramic plate (Figure 1 ) manufactured by Steminc Piezo (http://www.steminc.com/), with dimensions and material properties listed in 
. Beam Lab Setup
The monitored structure is a fixed-fixed steel beam with a density (p) of 7.7g/cm 3 and an elastic modulus (E) of 180GPa. It has length 230cm, width 4cm, and height 18cm. The PZT is bonded on the side of the beam at 115cm from the left end and 9cm from the top (Figure 1 ). 
where C is the piezoelectric capacitance, and fo is the natural frequency (in Hz). From this initial value, the final value is obtained from fine inductance tuning [8] . The final value is found to be 94.2mH (R L = 255.7 ohms) for the resonant frequency of 5870Hz. A damaged response is then taken for each case. Damage is simulated by placing a 4.53kg (10lb) block weight on the top face of the beam at 90cm to the left of the PZT. Each resulting admittance curve is shown in Figure 4 .
The results are in alignment with the findings in [8] . Specifically that inductive circuitry introduces an additional resonant peak as opposed to only one resonant peak without inductance, and the integration of inductive circuitry increased both the maximum admittance value and the admittance change at resonance. For this particular trial, the maximum admittance value increases from -32.38db to -20.73db, and the admittance change at resonance increases from 2.8db to 11.7db, leading to a significant signal-to-noise ratio improvement. For both cases, damage is recognized as a clear change from the healthy response to an altered response, and the resonant frequency shifts 5Hz. With inductive circuitry however, the peak magnitude change upon damage significantly increased from .4db to 1.5db. This shows that the integration of inductive circuitry increases sensitivity and significantly improves overall performance. The successful validation of the impedance-based damage detection method and the integration of inductive circuitry on a 230cm fixed-fixed beam in lab provides the proof-of-concept necessary to extend the approach to a full-scale rail track. 
TESTING SETUP
The following experiments were performed on a 200m long in-use test rail at Sperry Rail Services in Danbury, CT. The specific section of rail used in the experiments is a 5.5m long, 65.5kg/m AREA rail made of 1050 carbon steel, with a density (p) of 7.85g/cm 3 and an elastic modulus (E) of 206GPa. This rail type is commonly used on United States railways. The cross sectional dimensions of the rail are found in Table 2 with reference to Figure 5 : It is important to note that PZT capacitance is temperature-dependent. The capacitance of the PZT is measured at 0 o C, and increases .3nF as a result of a 10 o C temperature increase throughout the day. The effect of temperature on the admittance measurement will be further discussed in the analysis section. There are several areas on the track section where the PZT can be attached. The respective sections are labeled A-E on Figure 6 . Theoretically, the PZT can be placed on any of these faces, but for practical use, only one face is suitable. The train uses the head of the track (face A). The foot of the track (E) is often buried under the ground or overlaid with wood supports. The crosssectional areas of face B and face C (underside) are both small. In addition, Face C is curved, so the PZT does not aglAragA nR..,
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sit flat on the surface. The suitable location is Face D, or the web of the track section. The PZT is bonded at the center of the web, at the middle of the rail section (i.e., 2.75m from the left end).
(a). Test Rail at Sperry Rail Services (b). Rail Section Joint (c). PZT Bonded to Rail Section (d). Damage Placed on Rail Section Figures 7(a)-(d). Experimental Setup on Test Rail
Structural damage to the head of the rail section is emulated with a number of 6.8kg (15lb) circular weights. The weights are placed on Face A of the rail, or the top of the head (Figure 7(d) ). With a 50 ohm resistor connected in series with the transducer, a wide range admittance response is taken to locate the rail section's natural frequencies and establish a baseline healthy response. It is worth noting that the proper selection of the resistance value in the circuit is important for a clear impedance response. Too large of a resistance decreases the applied voltage to the PZT and increases circuitry damping which flattens the peak of the admittance response. Too small a resistance decreases the voltage measurement across the resistor, which lowers the signal-to-noise ratio [8] . Through trial and error, a resistance value of 50 ohms is deemed an appropriate resistance to balance these two effects and gather a clear response. The following experiments are performed using a rail natural frequency of 9,641Hz, a rail mode which is found to be sensitive to small-sized damage, down to 6.8kg.
First, a baseline healthy response is taken for the simple RC circuit case. Damaged responses are then taken at a set location of 1m from the left side of the PZT by varying the damage magnitude (mass) from 6.8kg to 27.2kg (Case 1). For reference, 6.8kg represents a 2% mass change in the rail section. Next, a set of damaged responses are taken by setting a constant weight of 27.2kg and varying the location of the damage along the rail, from 1m to 2.5m from the right side of the sensor, then 4m from the sensor, crossing the joint into the next rail section (Case 2). In order to establish a threshold value for an outlier analysis, a second healthy admittance response is taken after all of the damaged cases. The second healthy response accounts for temperature and environmental changes on the rail and the slight change in piezoelectric capacitance throughout the day. The identical procedure is used for the RLC circuit to directly compare performance results. The optimal inductance value (L) for the RLC circuit is found to be .0382H (R L = 102.6 ohms) for the resonant frequency of 9,641Hz.
OUTLIER DETECTION
When using the proposed damage detection approach, damage is shown by a change in the admittance response from the baseline healthy response to an altered, damaged response. In a statistical sense, the damaged response is an outlier to a series of normally distributed healthy responses. It is important to note that any two healthy responses PZT bonded to rail 6.8kg Weights are rarely identical. External factors, such as temperature, weather, environmental noise, and bonding degradation between the PZT and host structure [11] , all affect a healthy response. For example, if a healthy measurement is taken in the morning, and a second measurement is taken in the middle of the day when the temperature has risen, the second response will have slightly deviated from the first. This is because the capacitance of the PZT is temperature dependent. To account for a distribution in responses, a variety of outlier methods are used in SHM, including root mean squared deviation (RMSD) and other metrics [12, 14] . In this research, to quantify the change between any two admittance curves, a damage index called the ''normalized relative difference'' (NRD) is used [15] :
In a way, the NRD is the normalized ratio of the absolute difference between a baseline measurement and the monitored measurement. The NRD is taken within a set frequency range, where w1 is the lower frequency bound and w2 is the upper frequency bound.
Figure 8. Normalized Relative Difference Illustration [15]
The solid line in Figure 8 is a baseline admittance measurement, and the dashed line is the monitored measurement. The quantity | | is the shaded area between w1 and w2, which represents the total difference between the two curves [16] . An NRD value is a non-dimensional indicator of this total difference between two curves. Therefore, the distribution of healthy responses creates a "threshold" NRD value, where any NRD value below the threshold is considered a healthy impedance response, and any NRD value above the threshold is considered an outlier, or damaged response. The NRD outlier analysis can be directly applied to railway damage detection by setting the lower and upper frequency bounds around one of the rail's natural frequencies where the admittance response is taken. Structural damage causes an increased change in vibration pattern within the rail. Therefore, damage on the rail should result in a higher NRD value than environmental effects between any two healthy impedance measurements.
EXPERIMENTAL ANALYSIS
Upon bonding the PZT to the rail section, experimental analysis is carried out by first taking healthy admittance responses. Figures 9 and 10 show baseline healthy admittance curves taken around 9,641Hz without (RC) and with (RLC) inductive circuitry, respectively. As predicted, inductive circuitry introduces an additional resonant peak in the admittance response. The tuning of the inductor to 38.3mH is near optimal because the two resonant peaks are almost equal in magnitude [8] . Figure 10 shows that the integration of inductive circuitry greatly increases the magnitude of the admittance curves. The maximum admittance value increases from .65db without the inductor to 15.84db with the inductor. In other words, for the same voltage input, the maximum difference in current measurement increases by 6 times, which significantly increases the signal-to-noise ratio. In addition, the magnitude of the admittance change at resonance increases from .09db to .85db. This indicates that the integration of inductive circuitry magnifies the change in the admittance curve around resonance.
Damaged responses are taken at 1m from the left side of the PZT by varying the damage magnitude from 6.8kg to 27.2kg, first for the RC case. The damaged results, as well as the second healthy response (Healthy 2), are shown in Figure 11 . Clearly, the PZT has the ability to detect structural changes in the rail from the weights. For this particular sensitive mode, the PZT has the ability to detect damage down to 6.8kg of mass. The two healthy admittance responses slightly differ. This slight difference is caused by temperature and environmental effects on the railway throughout the course of the day. The Normalized Relative Difference in these two measurements establishes a threshold value for healthy responses. The NRD values for the second healthy response, as well as each damage response, are found in Table 3 . NRD values for each response are shown within a larger frequency range (9610-9680Hz) and a smaller frequency range closer to resonance (9630-9660Hz) in order to give a complete picture of the total difference of each response. Each damaged response alters the curve more than the threshold healthy response, indicating that the PZT can indeed determine the difference between temperature and environmental effects on the rail and damage to the rail. In addition, as the mass increases, the total change from the healthy admittance curve to the damaged curve increases. For example, the 20.4kg curve deviates further from the healthy response than the 6.8kg curve. Therefore, the PZT has the ability to recognize the magnitude of damage on the rail section at a given location. This particular result also shows the importance of quantifying the total difference between two curves in terms of both NRD values with different frequency ranges. If only the larger frequency range was used, there would be no apparent difference between 20.4kg of damage and 27.2kg of damage. If only the smaller range was used however, there would be little difference between 13.6kg of damage and 20.4kg of damage. However, looking at both NRD values simultaneously, one can see that the total change o the admittance curve for 20.4kg of damage lies somewhat between the total change of 13.6kg and that of 27.2kg.
The previous experiment is then repeated for the RLC case with a tuned inductance of .0382H. The damaged results, as well as the second healthy response (Healthy 2), are shown in Figure 12 
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30, 3 3 wv WGI again, with the additional variable being the effect of temperature on inductor performance. The NRD values for the second healthy response and each damaged case is shown in Table 4 . The NRD values for the RLC case are significantly larger than the NRD values for the simple RC case. This magnification gives us the ability to more accurately determine the difference between environmental effects and small sized damage on the rail section. Again, for the same damage under identical excitation, the more the admittance curve changes, the higher the sensitivity of the sensor [8] . For the RC case, the difference in NRD values between the healthy response and 6.8kg damaged response is .002. In comparison, the difference for the RLC case is .026, which is a thirteen times increase. For both cases, as weight increases, the total change from the healthy admittance curve to the damaged curve increases. However, with the integration of inductive circuitry, the change from one damaged response to another is amplified. This increases the overall sensitivity of the sensor and aids in determining the exact magnitude of small sized damage on the rail section. Next, a set of damaged responses are taken by setting a constant weight of 27.2kg and varying the location of the damage along the rail from the right side of the sensor. Damage is placed at 1m, 2m, 2.5m (the edge of rail section), and at 4m, where 4m crosses the joint of the test rail section to the adjacent section. The reason behind placing damage on the adjacent rail section is to determine if the sensor could detect damage across joint connections between two rail sections. For the RC case, the damaged results, and the original healthy response (for reference) are shown in Figure 13 . As seen in Figure 13 , the location of damage directly affects the magnitude of the admittance curve change from the healthy response. As damage is moved further away from the sensor, the difference between the damaged curve and the healthy curve decreases. At 4m, when the rail joint is crossed, the damaged response closely resembles the healthy response, within base noise of the circuit. These trends are reflected in the NRD values of each case, shown in Table 5 . For reference, the healthy threshold NRD value is the identical value used in the previous experiment for the RC circuit, as it was taken after all damaged cases. It can be seen that at 1m, the overall .iP VO rW Ft, rreistogH$ difference between the healthy and damaged curve is the greatest. This difference steadily decreases as the damage moves farther away from the sensor. This shows that the PZT has the potential ability to determine at what location along the rail section damage is present. The PZT can clearly discern the difference between damage at 2m and at 2.5m, yielding a higher level of health monitoring accuracy. At 4m, when the joint is crossed into the new rail section, the NRD value dips below the threshold value for a healthy response. Therefore, the PZT is no longer able to detect the presence of damage. This is primarily due to the inability of the PZT to excite the adjacent rail through the joint.
The previous experiment is repeated with industry circuitry to see the effects of inductive circuitry on damage detection range. The damaged results, as well as the original healthy response (for reference), are shown in Figure  14 with corresponding NRD values in Table 6 . Once again, the integration of inductive circuitry enhances the ability to discern between environmental effects and small sized damage on the rail section, and amplifies the change from one damaged response to another. A shift in damage from one location to another along the rail section is clearly indicated by the drastic admittance curve changes around resonance and NRD value differences. The key finding though is that through this magnification, inductive circuitry has the ability to increase the range at which the sensor can detect small-sized damage. This can be seen by observing the NRD values both with and without inductive circuitry at 2.5m, right before the join is crossed into the next rail section. Without inductive circuitry, the NRD value is approximately three times the threshold value for a healthy response. With inductive circuitry however, the NRD value is approximately ten times the threshold value for a healthy response. This alludes to the significant increase in sensor detection range with the integration of inductive circuitry. 
CONCLUDING REMARKS
In this research, an impedance-based based damage detection method utilizing piezoelectric transducers is implemented on an in-use test railway track. The method is successful in detecting damage with different profiles on the rail section. The integration of inductive circuitry greatly increases the magnitude of the admittance curves, and when properly tuned, magnifies the admittance change at resonance. This leads to an increase in signal-to-noise ratio and overall performance improvement, specifically in the damage detection range of the sensor. From these promising results, we conclude that an impedance-based SHM system utilizing piezoelectric transducers has the potential ability to fulfill the need to detect small sized damage in real-time on the railway track.
